Oxygenic photosynthesis appears to be necessary for an oxygen-rich atmosphere like Earth's. But available geological and geochemical evidence suggest that at least 200 Myr, and possibly more than 700 Myr, elapsed between the advent of oxygenic photosynthesis and the establishment of an oxygen atmosphere. The interregnum implies that at least one other necessary condition for O 2 needed to be met. Here we argue that the second condition was the oxidation of the surface and crust to the point where O 2 became more stable than competing reduced gases such as CH 4 . The cause of Earth's surface oxidation would be the same cause as it is for other planets with oxidized surfaces: hydrogen escape to space. The duration of the interregnum would have been determined by the rate of hydrogen escape and by the size of the reduced reservoir that needed to be oxidized before O 2 became favored. We suggest that continental growth has been influenced by hydrogen escape, and we speculate that, if there must be an external bias to biological evolution, hydrogen escape can be that bias.
Introduction

24
An oxygen atmosphere raises two issues that are not always separated. One is the 25 matter of abundant O 2 , which is the distinctive feature of Earth's atmosphere. The 26 other is the oxidation of the surface and atmosphere, a state that is widespread in the 27 solar system. Oxygen and oxidation are different things and reflect different processes 28 acting on different time scales, although it is plausible that one is prerequisite to 29 the other. It could be that abundant free oxygen in the atmosphere oxidized the 30 surface, or it could be that oxidation of the surface allowed abundant free oxygen 31 to endure. The view taken here is that surface oxidation is prerequisite to O 2 . It 32 has long been considered probable from hints in the geological record that oxygenic 33 photosynthesis appeared much earlier than widespread crustal oxidation (Holland, 34 1962; Buick, 2008) , and thus that surface oxidation played a role in the rise of oxygen 35 1 Holland (1964) provides a more concise and more internet-accessible discussion of many of these ideas in many of the same words; some of the others were incorporated in his 1984 book The Chemical Evolution of the Atmosphere and Oceans.
Oxygenic photosynthesis uses sunlight to split water molecules into hydrogen and 126 oxygen. The O 2 is released to the atmosphere as a byproduct. The hydrogen is used 127 to reduce CO 2 to water and organic matter. Under an oxygenated atmosphere most 128 of the organic matter is aerobically respired, closing the cycle, but a small fraction 129 of the organic matter is further reduced to inedible carbon that is ultimately buried.
130
Methane is also a product but it is mostly eaten (using O 2 or sulfate) before it reaches 
135
Under an anoxic atmosphere, aerobic respiration might still be possible locally 136 where O 2 is made, but we would expect a bigger role for anaerobic pathways and 137 a higher fraction of the organic matter to be reduced, and a much higher fraction 2 It has very recently been shown in unpublished work (by us and by others) that it is possible to generate an O 2 -rich atmosphere abiotically by photochemistry of an Earth-like planet in the habitable zone of a very uv-quiet M dwarf. A distinctive and inevitable feature of these hypothetical atmospheres is that they are also CO-rich: they have roughly twice as much CO as O 2 , because both gases come from CO 2 . It is our opinion that such an atmosphere does not resemble Earth's. Technically-speaking, it is not even oxidized. It is also flammable.
of the hydrogen that had been in the CH 4 is destined to escape to space. 
When did oxygen first appear?
251
The geological record of the anoxic-oxic transition between ca. 2.4 Ga and 2.0
252
Ga is often referred to as the "Great Oxidation Event," usually written "GOE." and climate signal major changes in the composition of the atmosphere.
359
Sulfur is particularly important because it is, with carbon and iron, one of the 360 three abundant elements that easily change oxidation state at ordinary conditions.
361
The record of sulfur's ordinary mass fractionation (denoted δ 34 S) is consistent with 362 increasing oxidation of the surface beginning in the late Archean (Figure 2 Hydrogen escape oxidizes planets, beginning at the surface. Earth is no exception. 
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Discussion
537
If the surface is to oxidize as the influence of the mantle wanes, there must exist 538 some innate tendency of the surface to oxidize. Hydrogen escape is such a tendency.
539
The process is general and should apply to all habitable planets of all sizes and types 540 throughout the universe. It is therefore testable by future astronomical observations.
541
The fundamental importance of hydrogen escape is not a position that one of- . The hypothesis that biological evolution is destined to make oxygen is at 586 present best regarded as speculative.
587
Here we argue that oxidation and oxygen are consequences of hydrogen escape,
588
which is the one process affecting planetary oxidation that always points in the same 589 direction. We do not argue that hydrogen escape acts alone without interaction 590 with biological innovation or planetary evolution. We do argue that hydrogen escape 591 determines the direction of things, especially at the planet's surface where its effects 592 are most immediate. This includes the speculation that hydrogen escape provides the 593 bias to biological evolution. We suggest that the hundreds of millions of years that ton University Press, Princeton N.J. 
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